Background Phosphate (PO 4 3− ) is the main etiological factor of eutrophication in surface waters. Metal organic frameworks (MOFs) are novel hybrid materials with amazing structural properties that make them a prominent material for adsorption. Methods Zeolitic imidazolate framework 67 (ZIF-67), a water stable member of MOFs, with a truncated rhombic dodecahedron crystalline structure was synthesized in aqueous environment at room temperature and then characterized using XRD and SEM. 
Introduction
Metal-organic frameworks (MOFs) are hybrid compounds composed of organic molecules and metal ions that linked together by a controlled manner [1, 2] . These crystalline structures provide huge porosity and tunable surfaces that make them a promising target in widespread fields of biomedical, sensing, molecular separation, gas adsorption, chemical catalysis, and pharmacology [3, 4] . Moreover, their post synthesis modification and potential to be functionalized, make MOFs even more attractive among scientists [1] .
Many types of MOFs had been made recently, but lately Zeolitic Imidazolate Frameworks (ZIFs) distinguished as one of the most prominent family of MOFs [2] . Exclusive features of ZIFs are high resistance against environmental situation such as temperature and chemicals, very high level of adsorption capacity due to their high specific surface area and large pores and simplicity of their synthesis route [3, [5] [6] [7] [8] . These characteristics cause its reputation for removal of neonicotinoid insecticides [9] , ciprofloxacin antibiotics [5] , arsenic [10, 11] , and 1-naphthol [12] from water medium. ZIF-67 is a subfamily of ZIFs that considered a novel sorbent for removal some pollutants from aqueous solution [3, 12] . Although some studies have shown that ZIF-67 is sensitive to strong acidic condition, the capacity of sorption reported much more from common sorbents such as activate carbon [5, 12] .
The results of Pan et al. [13] showed that the capacity of ZIF-67 in removal of phenol was 378.89 mg/g at pH = 9 and 303 K. Huang et al. [14] reported that saturated adsorption capacities for ZIF-67 for removal Pb 2+ and Cu 2+ from wastewater were 1119.80 and 617.51 mg/g, respectively. Yan et al. [12] revealed that the maximum adsorption capacity of ZIF-67 in removal of 1-naphthol happened at pH = 10 which was 339 mg/g at 313 K. Few studies have been reported about the use of ZIF-67 absorbent for the removal of contaminants from the aqueous solution.
Phosphate (PO 4 3− ) is one of the important drinking water contaminants [15] . PO 4 3− plays prominent role in human life as fertilizers, detergents, softeners in water processes, foods and beverages, but the existence of PO 4 3− together with nitrogen stimulates algal bloom in surface water resources [16, 17] . When the concentration of phosphate exceeds 0.02 mg/L, the eutrophication phenomena and continuing water quality deterioration would happen [18] . Although some biological wastewater treatment techniques like can reduce the PO 4 3− concentration to less than 0.02 mg L −1 , resources of PO 4 3− intrusion to water supply is different and sometimes is more than standard levels [19] . For this reason, many countries has established wastewater discharge standard to surface water [20] . In order to overcome these problems, it is recommended the concentration of PO 4 3 − should be diminished using different strategies, especially adsorption. Sorption process have widely used to remove pollutants from aqueous solutions [21] [22] [23] .
Experimental designs usually give a lot of information about the experiments to researchers in short time and less energy. To reach these goals response surface methodology (RSM) has proposed. This method was developed to identify the interaction of variables and optimize the process. Central composite design (CCD), Doehlert matrix, and Box-Behnken design are the most famous RSM approaches. Among the proposed approach design, the CCD is a preferred and more welcoming RSM design [24] [25] [26] . Present work aimed to evaluate the application of a ZIF-67 as a water stable member of MOFs in the removal of PO 4 3− from aqueous environments.
Materials and methods
In the present work, the reagents and chemicals for the synthesis of ZIF-67 were purchased from Sigma-Aldrich (Steinheim, Germany). The morphology and structures of adsorbent crystals were characterized using scanning electronic microscopy (FE-SEM, MIRA3 TESCAN, Czech Republic), and X-ray diffraction (Unisantis S.A, XMD300 model, Geneva, Switzerland) with cu-kα as source radiation at wavelength 0.154 nm.
Sorption studies
Batch mode experiments were adopted to conduct the present work. When the samples agitated at 250 rpm in pre-adjusted condition, the solutions were filtered through Whatman No. 42 filter paper for determining residual PO 4 3− using the stannous chloride method by a UNICO UV-2100 spectrophotometer. With the exception of thermodynamic study, all the experiments carried out at room temperature (23 ± 2°C) without controlling pH. The removal percentage and adsorption capacity for PO 4 3− were calculated by using the following expression:
In Eq. (1) and Eq. (2), C initial and C final are PO 4 3− concentrations before and after adsorption; V is the volume of the solution, and W is the weight of the adsorbent.
ZIF-67 preparation
ZIF-67 crystals were synthesized using 2-methylimidazole (Hmim) as organic linker for joining metallic cobalt ions with a Hmim/Co +2 ratio of 20. In short, 1.642 g of Hmim and 1 mmol of CoSO 4 were dissolved in 10 mL of deionized water, separately, and stirred to obtain clear solutions. The metal solution then was added into the ligand solution while stirring continued for further 30 min. After the crystallization period, the purple crystals were separated using 3000 rpm centrifugation for ten min. Finally, the crystals were washed by deionized water several times and were ovened at 70°C for 24 h [27] .
Design of experiments, modeling and optimization
RSM technique helps the researchers to design the platform of experiments without spending too much time and energy. CCD as a standard RSM design can cover the interaction of variables by using less numbers of experiments. To specify optimum conditions and to graphically presentation the relationship between all study variables, response surface plots were adopted by Design Expert software. The model is represented by Eq. (3) [24, 25] .
Where i express the number of studied factors; X 1i and X 2i express the input variables influencing the model outputs; b 0 and b 12 are the intercept and interaction constant coefficient, respectively, b 1 to b 2 and b 11 to b 22 are the linear and quadratic constant coefficients, respectively, and e 1i is a random error. Analysis of variance (ANOVA) in the confidence interval of 95% was applied to evaluate of fitted model. Correlation coefficient, F-value, and P value were used to express the fitted polynomial mode [24, 28] .
In this work, three factor CCD matrix at five levels was applied in order to analysis the variables and procure regression and their coefficients. Table 1 shows the variable level for coded and actual values of the study variables.
Results and discussion

ZIF-67 structural characterization
To be sure about the structural and optical preciseness of ZIF-67 crystals, the adsorbent were characterized using scanning electronic microscopy and X-ray powder diffraction (XRD).
The 
Sorption modeling using RSM
RSM was applied to model the effect of the most important operating parameters including pH of the solution (A), adsorbent dose (b) and contact time (C). Throughout the modeling step, the initial PO 4 3− concentration adjusted to 10 mg/L. As Table 2 shows the experimental matrix with a total of twenty 
From the above equation, the effect of any independent variable as well as their interactions on the PO 4 3− removal could readily understand. Having the highest negative coefficient among the individual variables, pH is the most important operating parameter that influences the adsorption efficiency, indirectly. Moreover, the level of influence by experimental variables decreases from adsorbent dose and then mixing time. The positive and negative signs of interactive variables in the Eq. (4) imply their synergic and antagonistic effects of the variables on PO 4 3− adsorption, respectively. The ANOVA test was used to obtain the best model to describe the responses, precisely. Fig. 4 The response surface plot of the effect of (a) pH and ZIF-68 dose and (b) adsorbent dose and time Table 2 . Figure 3 simply shows the uniform distribution of experimental PO 4 3− removal next to the regression line (predicted removal).
Response surfaces plots and the effect of independent variables
Response surfaces plots are very useful in visualization of the effects of independent variables and their possible interactions. Herein, the adsorption efficiency according to the developed model is presented as a function of pH, adsorbent dose and contact time. Figure 4 shows the mutual effects of pH and ZIF-67 dose on PO 4 3− removal efficiency. As presented, the PO 4 3− removal was increased by adsorbent dose from 0.1 g/L to 1 g/L and this trend continued to an optimum level. Increasing ZIF-67 crystals beyond this level negatively affect the PO 4 3− removal efficiency. According to the literature [29] , the pH ZPC for the ZIF-67 is about 9.8 which means the crystals could increase the pH of the solution they are within to this level. In this case, the increases of the solution pH would lead to dominate the negative charge of the ZIF-67 crystals, which in turn produce repelling electrostatic force for the negatively charged PO 4 3− ions. Such phenomena could explain the effect of solution pH as an independent variable. Moreover, at higher pH, the hydroxyl ions could also interact with the PO 4 3− ions to attach the ZIF-67 surface.
The PO 4 3− removal as a function of contact time is presented in Fig. 4 . The plot reveals that the PO 4 3− removal could highly is influenced by the contact time. The higher removal efficiency at higher mixing time is due to that more PO 4 3− ions would have time to penetrate into ZIF-67 pores and attach to the surfaces.
The effect of PO 4 3− concentration was studied in the ideal sorption condition obtained during the model optimization. The effect of PO 4 3− level on sorption efficiency and capacity of ZIF-67 plotted in Fig. 5 . As expected, the PO 4 3− removal efficiency decreased by the concentration of PO 4 3− ions. This is a routine response to the increasing contaminant level which is related to the competition of the adsorbate molecules to adsorb on the limited sorption sites and also the repelling force between them [30, 31] . As the plot shows, the ZIF-67 capacity for PO 4 3− on the other hand was increased by PO 4 3− concentration. In general, a cost benefit analysis for the utilization of adsorbent capacity and minimization of contaminant level in the effluent usually applied for sorption systems.
The intersection point in the Fig. 5 , which is corresponding to about 30 mg/L PO 4 3− , gives the optimal PO 4 3− concentration in terms of both ZIF-67 capacity utilization and its removal efficiency.
Model optimization
Finding the best level of independent variables is the final goal in the process modeling. To obtain these conditions, the range of variables set as the same of those applied in the study. The optimum condition in which the removal predicted to be 100%, were calculated to be 6.82, 832.4 mg/L and 39.95 min for pH, ZIF-67 dose and time, respectively. These conditions were finally simulated in the laboratory to evaluate the accuracy of the model optimization. The average removal efficiency for PO 4 3− with three replicates was 99.2%. 
Kinetic study
To find the kinetic model that the PO 4 3− adsorption process obey, batch mode experiment was carried out at the optimum pH and adsorbent dose obtained in the previous step. Solutions with the different initial PO 4 3− concentration agitated and the removal efficiencies were determined as a function of time. The Pseudo-first order (Eq. (5)), Pseudo-second order (Eq. (6)), and Intra-particle diffusion (Eq. (7)), which are the most widely used kinetic models, are given in the following equations:
log q e −q t ð Þ¼logq e − k 1 2:303 :t ð5Þ
Where, k 1 and k 2 are the first and the second order rate constants, and qe, qt, and t are equilibrium capacity, capacity at any time, and time, respectively. Table 4 summarized the kinetic parameters obtained from correlating experimental data with the linear form of kinetic models. According to the R 2 values in the Table 4 , Pseudo-second order model describe the data well. This behavior proves that the chemisorption controls the rate of PO 4 3− sorption onto ZIF-67.
Equilibrium study
Equilibrium studies are valuable part of sorption studies that provide information on the sorption mechanisms, adsorbent surface, and its affinity to specific contaminant. Isotherm equations model the mobility of adsorbate molecules on the surface of adsorbent under constant environmental condition.
The optimum level of 6.82 and 832.4 mg/L for pH and ZIF-67 dose which obtained by optimization were used in performing the equilibrium experiments. Four theoretical isotherm models (Langmuir (Eq. (8)), Freundlich (Eq. (9)), Temkin (Eq. 10), and Dubinin-Radushkevich (Eq. (11)) were used to fit the equilibrium data. The linear form of these models is given as follow:
ln q e ¼ ln q m −βϵ Radushkevich constant, and Polanyi potential, respectively. ε can calculated from the Eq. (12) .
Where, R, T, and Ce as defined earlier. The model parameters and coefficients for the isotherms are presented in Table 5 . According to the R 2 values, the data were simulated by model in the order of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich.
Owing to the better conformity of the sorption with the Langmuir isotherm, we can deduce that PO 4 3− covered a monolayer on ZIF-67. Results also confirm that the ZIF-67 surface composed of a uniformly distributed sorption sites. A dimensionless parameter named separation factor (K R ) proposed to show the essential features of the Langmuir isotherm as unfavorable (K R > 1), linear (K R = 1), favorable (0 < K R < 1) or irreversible (K R = 0). K R can obtain using the Eq. (13).
The plot of K R versus C 0 at Fig. 6 shows a decreasing trend for K R which indicates that the adsorption is more favorable at higher PO 4 3− concentration. The q max in the Langmuir model provides a useful tool for comparing the capacity of adsorbents toward specific contaminant, and hence it is an important indicator in the economy of the sorption process. Table 6 , compared the q max for ZIF-67 with the other adsorbents in used for PO 4 3− . The Table 6 demonstrates that the ZIF-67 has a superior capacity for PO 4 3− compared to many adsorbents reported in the literature.
Thermodynamic study
Thermodynamic parameters describe the feasibility of the process and the behavior of the sorption system under different temperatures. Standard enthalpy (ΔH°), standard entropy (ΔS°) and Gibb's free energy (ΔG°) witch are the most important parameters in thermodynamic study were calculated from the following equations:
Where, R and T stand for universal gas constant (8.314 J/mol. K) and temperature (k), respectively. The Thermodynamic parameters obtained from Van't Hoff plot (Ln k 0 vs 1/T) are summarized in Table 7 . The negative values of Gibbs energies (ΔG°) in the Table 7 demonstrate that the process continued spontaneous. The positive sign of ΔH°and ΔS°on the other hand, is an indication of endothermic nature of adsorption. Furthermore, the absolute ΔG°in the Table 7 is smaller than 18 kj/mol, indicates that physisorption is the predominant mechanism for PO 4 3− adsorption.
Effect of coexisting ions
In a real treatment system, the presence of competing ions in the water matrix could eclipse the removal efficiencies obtained on distilled water samples. To understand the inhibitory effect of interfering ions, the PO 4 3− removal examined in the presence of 1 mMol sulfate, nitrate, chloride, carbonate, and bicarbonate. Figure 7 shows that 4 3− removal could strongly is prevented by CO 3 and the level of inhibition decreases in the presence of sulfate, bicarbonate, chloride, and nitrate. Except than carbonate, which decreased the PO 4 3− removal from about 92% to 68.3%, no significant change observed when adsorption performed in the presence of coexisting ions. These findings are in accordance with the previously published study for ZIF-8, which revealed that the change in pH underlies the effect of co-occurrence ions.
Conclusion
Contamination of surface waters with phosphate poses a great treat to the quality of water and aquatic life. Among the possible techniques available for PO 4 3− removal, adsorption attracted high attention and studies conducted on exploring new and efficient adsorbents. ZIF-67, a subclass of MOFs, was synthesized and characterized. A precise (R 2 : 0.99, R 2 adj : 0.98, LOF: 0.1433) polynomial model then developed by performing the experiments according to RSM. The highest PO 4 3− removal (99.2%) was determined to occur at pH of 6.82, ZIF-67 dose of 832.4 mg/L and 39.95 min. Furthermore, the optimum PO 4 3− concentration in which the removal efficiency and the ZIF-67 usage capacity both are highest was 30 mg/L. The equilibrium data were simulated by Langmuir> Freundlich> Temkin and then DubininRadushkevich models. Changes in separation factor by PO 4 3− concentration shows that the adsorption is more favorable at higher PO 4 3− concentration. Comparison of q max (92.43 mg/g) for ZIF-67 proved its good position among adsorbent reported in the literature.
The minus signs of ΔG°and positive sign of ΔH°(0.179) and ΔS°(44.91) in thermodynamic study, demonstrate the spontaneous and endothermic nature of the process. The values of ΔG°indicated that physisorption is the predominant mechanism for PO 4 3− . PO 4 3− removal in the presence of coexisting ions revealed a high level of inhibitory effect by carbonate ions. According to the results, the study could conclude with proposing ZIF-67 as a promising adsorbent for PO 4 3− .
